The alternating cycle of valley widening through lateral erosion ('strath planation') and valley 7 narrowing through vertical incision into bedrock ('strath terrace abandonment') due to 8 variations in sediment supply (Q¬s) relative to river transport capacity (Qsc) is a common 9 feature in many mountainous environments, yet our understanding of the mechanics of the 10 processes that drive this landscape change remains poorly quantified. Here, we used an 11 experimental and numerical study to identify the geomorphic and hydraulic controls driving 12 the response of mixed bedrock-alluvial rivers to variable sediment supply, water discharge 13 and tectonic tilting. The experimental channels exhibit a multi-stage response of channel 14 narrowing, stripping of the alluvial cover in a downstream migrating incision wave followed by 15 destabilization of the bed and development of a single vertical step in the bed profile 16 ('knickpoint') when the hydraulic conditions are supercritical. In our experiments headward 17 erosion by knickpoints is the most efficient process of strath terrace abandonment, 18 contributing the majority of the total vertical incision in a short period of time. We show 19 experimentally, that knickpoint developing under supercritical flow conditions, driving the 20 rapid response of fluvial systems to upstream perturbations in Qs/Qsc despite no base-level 21 fall. This has implications for the understanding of distributions of strath terrace ages, the 22 inference of baselevel variations from knickpoint propagation, and how landscapes respond 23 to climatic or tectonic perturbations. 24
INTRODUCTION 25
Past cycles of global climatic change have had consequences for the hydrological regime 26 and the pattern of sediment production and transport within landscapes (Schumm and 27 Parker, 1973; Fuller et al., 2009; Wobus et al., 2010) . The balance between the flux of 28 sediment entering a mixed bedrock-alluvial river (Qs) and the capacity of the river to 29 transport that sediment (Qsc) is important in setting the landscape morphology, such as the 30 generation and preservation of flights of strath terraces above the active channel (e.g., 31
Pazzaglia et al., 1998; Wegmann and Pazzaglia, 2002) . 32 model of strath terrace formation is currently limited by an incomplete understanding of the 48 mechanics of vertical and lateral erosion in bedrock and difficulties in identifying the erosional 49 pattern during the response of channel processes to perturbations in Qs/Qsc from preserved 50 strath terrace age distributions. 51
Here, we present a physical modeling study that explores the mechanisms of channel 52 response and resulting terrace geometry to three scenarios of perturbations to Qs/Qsc. The 53
first two experiments explore the response of a channel following a sudden perturbation to 54 Qs/Qsc from the same initial conditions while the third explores the impact of a gradual 55 decrease in Qs/Qsc, through progressive tilting of the experiment. The experiments identify 56 patterns of erosional response including the resulting preserved terrace morphology, aiding 57 the interpretation of terrace age distributions in natural landscapes for purposes such as the 58 
EXPERIMENTAL SETUP 61
Experiments have been used extensively to explore the dynamics of bedrock channels, 62 including abrasion processes (e.g., Johnson and Whipple, 2007), the dynamics of bedrock 63 plucking (e.g., Dubinski and Wohl, 2013), the mechanics of waterfall erosion in homogenous 64 bedrock (e.g., Baynes et al., 2018) , and landscape stability (e.g., Hasbargen and Paola, 65 2000) . We used the 80 cm long, 30 cm wide and 20 cm deep Bedrock River Experimental 66
Incision Tank at the Université de Rennes (Fig. 1; S1) , with an initial configuration of a thin (2 67 3 cm) layer of well-sorted sand (grain size = 250 µm) overlying homogenous silica paste (grain 68 size = 45 µm). The cohesive silica paste material is commonly used to represent bedrock 69 and is eroded by hydraulic shear under clear water flow in the absence of sediment (e.g., 70
Turowski et al., 2005; Turowski et al., 2006; Turowski, 2007) and the experimental channels 71 in this study exhibit a similar hydraulic scaling of width and slope to natural bedrock rivers 72 (Baynes et al., 2018) . No direct scaling between our experiments and a particular target 73 natural system is sought but the behavior of the experiment is similar to that observed in 74 natural systems, allowing the dynamics of processes and their controls to be explored 75 quantitatively (Hooke, 1968 ; SI Section 1). 76
Constant input water discharge, set within 2% by a regulated pump on the inflow pipe, was 77 fed into a reservoir upstream of the inlet, and sediment was added using a Gericke infinite 78 screw feeder system. The channel outlet elevation was fixed, although it was free to migrate 79 across the width of the box, and sediment was collected in a reservoir beyond the outlet to 80 avoid deposition in the channel as a result of the outlet. The same initial conditions for the 81 first two experiments were Q = 1.5 l/min, Qs = 13.33 g/min, slope = 4.5°, selected after 82 previous experiments for the best combination of parameters to generate an alluvial river at 83 equilibrium conditions inset in the sand material. Channel slope, width and depth were free to 84 evolve during the course of the experiment through erosion (vertical and lateral) and 85 deposition. After 37 minutes, once the channel had reached a constant width, one parameter 86 was altered while all others kept constant to represent a sudden shift in Qs/Qsc; experiment 87 1: Qs reduced to 0 g/min, experiment 2: Q doubled to 3 l/min. In the third experiment, Qs and 88 Q were maintained constant throughout but the slope was increased from an initial slope of 89 2.5° at a continuous rate of 1° per hour for 4.7 hours, gradually decreasing Qs/Qsc. A Leica 90 ScanStation 2 Terrestrial Laser Scanner (green laser footprint = 3 mm) was programmed to 91 collect point clouds of the topography every 2 min. The topography was then gridded with a 92 pixel size of 2 mm, and combined with the hydrodynamic model Floodos (Davy et al., 2017) , 93 to evaluate the hydraulic conditions within the channel (e.g., Froude number) and to quantify 94 the evolution of the channel geometry (e.g. width and depth) during the experiments (SI 95
Section 2). 96
EXPERIMENTAL RESULTS AND DISCUSSION 97
Changing Qs/Qsc had a significant, rapid and complex impact on the initial stable state 98 (channel width: 150 mm) in the first two experiments. Following the removal of input Qs in 99 experiment 1, an initial narrowing of the channel coincided with a downstream migrating 100 incision wave initiated at the inlet that removed the alluvial cover ( Fig. 2A ), exposing the 101 bedrock surface to erosion. The removal of input Qs led to Qs/Qsc = 0, providing capacity for 102 4 the flow to entrain and strip the sediment stored in the alluvial bed. Further narrowing of the 103 channel occurred until the bed destabilized into a series of steps (spaced at 25-30 mm with 104 height of 3-5 mm, at t = 83 min) in the bedrock surface that evolved into a single vertical step 105 (15-20 mm in height at t = 111 min) that migrated upstream as a knickpoint, depositing 106 material downstream of the plunge pool ( Fig. 2A) . The same multi-stage process of 107 downstream stripping of alluvial cover followed by knickpoint development and headward 108 erosion also occurred in experiment 2 where Q was doubled (SI Section 3). The 109 development of steps before the generation of a single knickpoint were not observed in the 110 topographic data from experiment 2 as the channel evolved from downstream stripping to 111 headward erosion within the time period between successive laser scans (t = 120 s; Fig.  112 S5B). Despite this, the knickpoint formed mid-channel in the absence of any base level fall or 113 tectonic uplift. 114
The initial stages of experiment 3 (until t ~100 min) were characterized by an alluvial fan-like 115 regime near the inlet with cone-shaped deposits frequently reworked by high lateral channel 116 mobility ( Fig. 2B ) while the slope increased ( Fig. S5C ). As Qs/Qsc decreased, the flow 117 focused into a narrower single thread, triggering the onset of a downstream incision wave of 118 the alluvial cover. Subsequently, a knickpoint developed in the bedrock (t = ~208 min) which 119 retreated upstream in the same manner as the other experiments ( Fig. 2B ; SI Section 3). In 120 each experiment, the stripping of alluvial cover by the downstream incision wave coincided 121 with a significant narrowing of the channel inset in the alluvial cover, with the narrowest width 122 occurring in bedrock when a knickpoint had formed (Fig. 2B ). The channel narrowing 123 associated with the incision of both the alluvial cover and the bedrock led to the 124 abandonment of the formerly active bed at higher elevations, representing the generation of 125 strath terraces seen in natural environments. However, the rates of vertical incision and 126 terrace abandonment were not spatially or temporally constant during the experiments, with 127 the highest local rates of vertical incision associated with the downstream stripping of 128 sediment and the headward migration of the knickpoints through bedrock ( Fig. 2B ; SI Section 129 4). A similar contribution to total vertical incision by knickpoint migration was identified in to these features as 'supercritical knickpoints' to distinguish them from 'base-level 140 knickpoints'. Subsequently, we refer to the terraces generated by the passage of supercritical 141 knickpoints as 'supercritical terraces'. 142
IMPLICATIONS FOR THE UNDERSTANDING OF NATURAL LANDSCAPES 143
Our experiments provide direct evidence of the hydraulic processes that lead to strath 144 terrace formation following perturbations to Qs/Qsc. Wobus et al. (2010) show that climate 145 change induced incision was associated with a downstream incision wave due to changes in 146 the relative sediment supply to transport capacity, while base-level induced (e.g, river 147 capture, tectonics) incision was characterized by an upstream migrating incision wave. 148
Crucially, our experiments show that channels in homogenous substrate respond to climatic 149 perturbations through a complex multi-stage incision mechanism, containing a downstream 150 channel with homogenous bedrock and constant baselevel is not necessarily diagnostic of 171 any of these sources as knickpoints are generated following perturbations to Qs/Qsc (Fig. 3) . 172
Under normal conditions, flow in large natural alluvial rivers where strath terraces are 6 commonly found is subcritical, but above-threshold supercritical flow conditions (Fr > 1) can 174 occur due to a combination of driving factors including channel narrowing with variable width 175 and increased discharge (SI Section 5). Base-level terraces are likely to have the same or a 176 similar slope to the active channel bed through parallel knickpoint retreat (Finnegan, 2013) , 177
whereas terraces generated during the multi-stage response identified here are steeper than 178 the active channel ( Fig. 2, 3 ) due to new equilibrium conditions with lower sediment supply, 179 higher discharge or continued tilting. An additional diagnostic link could be the highest 180 terrace having a decreasing abandonment age with distance downstream (Fig. 3D ) that does 181 not occur during terrace formation driven by base-level fall. Thus, the morphology of terraces 182 and spatial patterns of abandonment ages can be diagnostic of the processes and forcing 183 perturbations that led to terrace generation and should be considered carefully when 184 analyzing topography for the purpose of understanding and reconstructing past tectonic or 185 climatic histories. 186
CONCLUSIONS 187
Landscapes are able to respond rapidly following climatic or anthropogenic perturbations that 188 switch the erosion processes from one regime to another. The transition from lateral erosion 189 and strath planation to channel narrowing, incision and strath terrace abandonment occurs 190 through a multi-stage process of downstream then upstream incision waves. The headward 191 passage of knickpoints can be initiated even in the absence of base level fall, due to the 192 interaction between the channel bed and supercritical flow conditions. The passage of 193 supercritical knickpoints provide an efficient process for the abandonment of strath terraces, 194 and should be considered when using the presence of strath terraces within landscapes to 195 infer past fluvial incision rates or climatic changes, which may be more spatially and 196 temporally variable than previously thought. 197
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Supplementary Information 361

SI Section 1: Relevance of experiments for natural channels and experimental setup. 362
Experimental modelling studies of landscape and fluvial dynamics are typically performed 363 using one of two approaches. The first directly scales the experimental prototype to the 364 natural system by ensuring that non-dimensional hydraulic parameters such as the Froude 365 number are scaled strictly and the physical processes (e.g., sediment transport) are the 366 same in both the experimental and natural systems. The second approach relaxes this strict 367 scaling, and seeks a 'similarity of process' between the experiment and the natural channel 368 (Hooke, 1968) whereby the behaviour of the processes within the experiment system are 369 qualitatively similar and 'reasonably effective' at replicating the behaviour of natural systems 370 despite large differences in the governing dimensionless numbers (Paola et al., 2009 ). This 371 second approach has the benefit of allowing temporal and spatial timescales to be relaxed, 372
as materials such as silica cement that is eroded by clear water flow can be used to replicate 373 bedrock, and experiments exploring bedrock erosion processes can be performed relatively 374
quickly. It should be noted that the results from these experiments cannot be directly scaled 375 up to any particular natural system. Additionally, the experimental channel is always 'active', width-depth ratio of the experimental channels at the start of the experiments (alluvial 383 channel conditions) is 50-80, similar to that of natural gravel-bedded rivers (Finnegan et al., 384 2005) , and the scaling of the channel width with discharge observed in natural rivers is also 385 reproduced in the experiment. Therefore, we can be confident that the experiments are 386 'reasonably effective' in replicating natural processes, and the response of the channels to 387 the perturbations (sediment supply, discharge or slope) in the experiments can help inform 388 the response of natural channels to similar forcing. 389 Figure S1 shows the setup used during our experiments in the Bedrock River Experimental 390
Incision Tank at the Université de Rennes. The initial alluvial cover was composed of well-391 sorted sand (grain size = 250 µm), and the homogenous cohesive silica paste used as a 392 bedrock simulant was composed of 61.5% angular silica, 20.5% spherical beads and 18% 393 water. The silica paste was mixed in a cement mixer before being transferred into the box 394 flume and homogenised using a high frequency vibrating needle to re-liquefy the paste (see 395
Baynes et al., 2018 for further details related to the properties of the silica paste and the 396 preparation procedure). Flow in the channel is typically laminar with low Reynolds numbers 397 (< 1000), and is input into the channel through a reservoir and the discharge magnitude 398 controlled using a pump. 399 400
Fig. S1: Photograph of the Bedrock River Experimental Incision Tank at Université de 401
Rennes. The blue arrow shows the flow direction within the channel. 402
SI Section 2: Floodos parameters 403
Floodos is a numerical precipiton-based hydrodynamic model (see Davy the channel under alluvial conditions (Fig. S2) . 410 acceleration. This predicts that at 10°c, C ~ 2.5 x 10 6 m -1 .s -1 . Fig. S2 shows the impact of 424 different values of C on the predicted extent of water flowing over a flat surface compared to 425 manual measurements of the wetted area obtained from a photograph taken from above the 426 experiment (Fig. S3A ). The simulations of flow extent are relatively similar for all modelled 427 values of C, although lower values of C predict a greater level of overflow on the edges in the 428 downstream part. We therefore used the value of C (2.5 x 10 6 m -1 .s -1 ) for the simulations 429 presented here, due to good consistency with the manual measurements and the theoretical 430 prediction of the friction coefficient based on the water viscosity for flow over a flat surface 431 ( Fig. S3 ) and for channelised flow (Fig. S4) . 
SI Section 3: Evolution of channel and terrace geometry during experiments 452
This SI section provides the complete experimental data for the evolution of the channel 453 geometry for each of the three experiments. The long profiles were extracted by finding the 454 point of minimum elevation for each row of the grid (Fig. S5 ). Terraces were defined from the 455 DEM as flat surfaces (elevation within 1mm) and at least 2 cm wide. The channel cross-456 sections (Fig. S6) were extracted from the data at the location of the grid that was 25% of the 457 distance from the inlet to the outlet of the channel. Conditions for cyclic step and knickpoint development 508 'Supercritical knickpoints' were generated during the experiments in the absence of any base 509 level fall, after the development of instabilities in the channel bed possibly associated with 510 supercritical flow conditions, when the Froude number (Fr = U/(gH) 0.5 ), is > 1 (Fig. S9; Parker  511 and Izumi, 2000) . In this section, we used the Floodos hydrodynamic model output to 512 calculate the Froude number for all locations within the channel (Fig. S8) for selected times 513 of experiment 1 (t = 81 min, when bed instabilities were developing; Fig. S8A , and t = 106 514 min, when a single knickpoint had formed; Fig. S8B) . Eq (S3) shows that in steady uniform flow conditions, the Froude number is mostly sensitive 550 to slope and roughness, with a weak dependency on width and discharge. 551
According to Parker et al., (2007) , the channel width and channel slope of a gravel bed river 552 at bankfull discharge conditions can be calculated using the following equations: 553 
(S5) 555
Where Qbf is the bankfull discharge, Wbf is the channel width at bankfull conditions, Sbf is the 556 channel slope at bankfull conditions and D50 is the median grain size. Using these 557 relationships, we calculated the Froude number for bankfull conditions at a range of 558 discharges in an idealized gravel bed river, assuming a median grain size of 10 cm and two 559 values of the Manning's roughness coefficient. The Froude number at equilibrium conditions 560 using the relationships proposed by Parker et al., (2007) are subcritical, typically in the range 561 0.2-0.3, whatever the value of the bankfull discharge. This shows that in steady uniform flow 562 conditions, single thread gravel bed rivers are not expected to be close to supercriticality, 563 and would not do so even after significant narrowing due to the weak dependency of Fr on 564 channel width (eq. S3). The Parker et al., (2007) relationships (equations S4, S5) are 565 empirical based on a dataset of 72 gravel bed rivers in the UK, Canada, and the USA, which 566 exhibit a degree of universality between them, but do not pertain to braided rivers which are 567 very often the state of rivers during terrace aggradation phases (e.g., Hanson et al., 2006) . 568
Using high resolution lidar topography and the Floodos hydrodynamic model, we explored 569 the characteristics of the flow conditions at bankfull conditions for a braided river, the Rakaia 570 river in New Zealand. The present day conditions of the Rakaia are a good analogue both for 571 the initial conditions of the experiments and for the former conditions of many present day 572 rivers that are incised with flights of terraces abandoned on the valley sides (e.g., Charwell 573 River, New Zealand; Bull, 1990) . 574
The supercritical flow conditions that initiated the development of cyclic steps in the 575 experiments ( Fig. S9 ) occurred after channels had narrowed following the initial stripping of 576 the sediment cover. Therefore, we performed some simple tests using the DEM of the 577 Rakaia river to explore the impact of different constant channel widths with a fixed discharge 578 on the Froude number (Fig. S9A ), and the impact of different discharges in a constrained 579 fixed width channel (Fig. S9B) . For a fixed discharge, a narrower channel increases the 580 average value of the Froude number and for a fixed width, increased discharge also 581 increases the average values of the Froude number. in the flow conditions. The numerical simulations in Fig. S11 were carried out using a straight 591 channel, which is overly simplistic for a natural river system. The maps of Froude number for 592 the Rakaia (Fig. S10B ) river indicate that flow conditions are not spatially uniform at bankfull 593 discharge and are subcritical (Fr < 1) but the values of the Froude number can be higher 594 (~0.4-0.6) than the values predicted by the relationships of Parker et al., (2007) . However, it 595 is possible to have supercritical flow conditions during frequent floods when the flow is 596 focussed into a narrower channel with a spatially non-uniform channel width ( Fig. S10C-E) . 597
Such conditions may be present in natural settings following a perturbation to the sediment 598 supply or transport capacity and the subsequent stripping of sediment cover and focussing of 599 the flow into a significantly narrower channel with spatially variable width ( Fig. 2A) . The 600 simulations in Fig. S10 were carried out with no alteration to the channel slope. If the slope of 601 the bedrock surface is steeper than the slope of the alluvial channel flowing over the 602
